Retinitis pigmentosa (RP) is a hereditary disease that results in the progressive degeneration of photoreceptor cells (rods and cones) in the outermost layer of the retina. The progressive loss of photoreceptor cells limits the information that is available for processing by secondary neurons, eventually resulting in total blindness. Retinal prosthetic devices are intended to replace the function of dead or dying photoreceptor cells in patients with late-stage RP by electrically stimulating the remaining secondary neurons. 1, 2 There is no cure for RP. Vitamin A therapy, as well as treatment with docosahexaenoic acid and/or antioxidants, has been shown to slow the rate of retinal degeneration, although there is no evidence that it halts photoreceptor degeneration. 3, 4 Other therapeutic modalities under development include gene therapy, stem cell transplantation and pharmacologic options to preserve the remaining photoreceptors. At present, a retinal prosthetic device is the only therapy commercially available to treat patients with advanced RP.
The Argus II Retinal Prosthesis System (Second Sight Medical Products, Inc, Sylmar, California, USA) was approved by the Food and Drug Administration (FDA) in 2013 for treatment of late-stage RP. The device includes a small video camera that is built into a special pair of eyeglasses. The camera is connected to a video processing unit worn by the patient, which converts the video input to electronic signals that are transmitted wirelessly to an electrode array (60 electrodes arranged in a six by ten grid) implanted on the surface of the retina. The array stimulates remaining ganglion and/or bipolar cells in the retina and this activation pattern is then transmitted by the optic nerve to the brain, where it is perceived as patterns of light. The patient learns to interpret these patterns so he or she can distinguish the movement and outlines of objects.
The safety and benefit of Argus II were established from a prospective 30-patient single-arm clinical study. 5, 6 Patients participating in the study had baseline visual acuity of worse than 2.9 logMAR in both eyes (worse than 6/4,764 in Snellen notation), as measured with a grading visual acuity test and the device was implanted in the worse-seeing eye. Efficacy was established from three computer-based, objective tests of basic visual skills, intended to measure incremental changes in a low-vision population. Functional vision or the ability to complete everyday tasks, was also measured with the device turned both on and off. 7 In addition to objective and observer-rated outcome measures, the FDA advises using a patient-reported outcome measure, such as a quality of life (QoL) instrument, when the concept being measured is best known by the patient or best measured from the patient's perspective. 9 QoL is an important aspect of treatment efficacy; it is reported that QoL is reduced in patients with RP compared to normal controls. 10 However, it has also been reported that patients with RP may adapt to progressive loss of vision, resulting in a minimal decrease in selfreported QoL, particularly within certain dimensions. 11 To the authors' knowledge, there are no published reports on the change in QoL in patients implanted with a retinal prosthesis.
To evaluate the effect of some restoration of vision on RP patients' QoL, QoL was measured in the Argus II clinical trial with a vision-specific multi-attribute utility instrument developed by researchers at The University of Melbourne (East Melbourne, Victoria, Australia) and Monash University (Clayton, Victoria, Australia). 8 The Vision and Quality of Life Index (VisQoL) differs from generic QoL instruments insofar as it attempts to be more responsive to clinically relevant changes in vision.
This analysis is the first published report on VisQoL changes in patients with RP implanted with the Argus II retinal prosthesis. It also represents one of the first attempts to measure changes in QoL in a population with profound loss of vision and who receive a sight restoration intervention. Finally, this analysis identifies which VisQoL dimensions are most influenced by end-stage RP and which QoL subscales are most affected by implantation of a retinal prosthesis.
METHODS

Study design and patients
Thirty patients were enrolled in a single-arm, prospective, unmasked clinical trial conducted at 10 centres in the USA and Europe. The study size was necessarily limited to reflect the rarity of the disease, which received a Humanitarian-Use Device designation, similar to orphan status for pharmaceuticals, from the FDA. Subjects served as their own controls, with comparisons made between baseline and post-implant followup measurements or with the device turned on and off. The trial was and continues to be conducted in accordance with all relevant national and international regulations for medical device clinical trials, including the Declaration of Helsinki. All patients completed a minimum of three years follow-up. Additional information on the study design is available at www.clinicaltrials.gov, trial registration number NCT00407602.
Patients were eligible to enrol if they had a confirmed history of RP (in the USA) or outer retinal degeneration (in Europe), with bare light perception or worse vision in both eyes, functional ganglion cells and intact optic nerves. Exclusion criteria included various ophthalmic diseases or conditions and untreated depression, among other criteria.
Subject demographics are summarised in Table 1 . All patients had baseline visual acuity worse than 2.9 logMAR in both eyes.
VisQoL
Vision-specific QoL was measured using the VisQoL multi-attribute utility instrument. VisQoL covers six dimensions (or attributes) of QoL as detailed in Table 2 . Survey options are registered on a five-or six-point scale. A utility score for each dimension is estimated, based on participant surveys using the time trade-off method. 12 All six dimensions are combined using a multiplicative model resulting in a utility score ranging from zero to one (where zero represents death and one represents full health). Although the instrument has been validated for a low-vision population, it has not been validated for patients with RP or patients with severe loss of vision as found in the Argus II cohort.
The VisQoL survey was administered to all 30 patients at baseline. One patient was explanted at 14 months and thus was withdrawn from the study and from the analysis. Follow-up visits were completed at three, six, 12, 18, 24 and 36 months. Device outcomes were considered stable beginning with the 12-month follow-up visit. 
Statistical analysis
Computations were carried out using SAS 9.4 (SAS Inc., Cary, North Carolina, USA). Data from the VisQoL questionnaire were converted to a single utility score (ranging between zero to one) using the scoring algorithm provided by the Assessment of Quality of Life group. 13 The resulting baseline scores were analysed with descriptive statistics and analysis of variance (ANOVA) was used to compare baseline data with that generated at 12, 18, 24 and 36 months. A further analysis was done within each of the six VisQoL dimensions. For this analysis, patients who perceived little or no effect of their loss of vision on QoL were considered separately from those whose blindness was affecting their QoL at baseline with scores shown in bold in Table 2 . Outcomes (mean survey scores) were compared within each sub-group between baseline and the combined follow-up periods (12 to 36 months) using the Friedman test (that is, a longitudinal analysis was completed using repeated measurements and a non-parametric test method).
In spite of limited demographic data, univariate and multivariate tree analysis with baseline utility scores were completed. Pearson correlations with age and years with RP are reported. The t-test was used to analyse outcomes by gender. Multivariate regression tree analysis was completed on four groups defined by age, gender and years with RP.
RESULTS
Overall baseline (pre-implant) utility scores from analysis of all six VisQoL dimensions are detailed in Figure 1 . Within the 30-patient cohort, baseline utility scores ranged 0.22-0.99 (normal distribution) even though all patients had significant visual loss (worse than 2.9 logMAR).
VisQoL utility scores at follow-up (postimplant) showed no statistically significant change from baseline. Mean utility scores ranged between 0.63 to 0.67 throughout the follow-up period (versus 0.62 at baseline).
Because of the large distribution of baseline utility scores, patients within each of the six VisQoL dimensions were sub-divided into those who reported minimal difficulty in performing any given dimension at baseline in spite loss of vision and those who reported having at least moderate difficulty ( Table 2 , which identifies in bold text the responses representing at least moderate difficulty).
Outcomes (change in survey scores) for five of the six VisQoL dimensions within the sub-group of patients whose blindness was affecting their QoL at baseline are provided in Table 3 . One VisQoL dimension (friendship -item 3 in Table 2 ) had no patients who reported difficulty caused by their visual loss at baseline and therefore, was not analysed. Although the data are not normally Table 2 . Vision and Quality of Life Index (VisQoL) dimensions with scoring scale. Within each dimension, lower scores reflect little to no effect on quality of life caused by loss of vision. Scores shown in bold represent worse outcomes associated with the visual loss. All six dimensions are combined to form a single utility score ranging 0-1. Each dimension is identified by the term underlined (for example, dimension 1 is referred to as 'injury' dimension). In three dimensions (injury, life and roles), those whose QoL was affected by their loss of vision had significant improvement in the follow-up phase of the study (that is, survey scores decreased in value). For these three dimensions, at least 50 per cent of the subjects reported their vision negatively affected their QoL with respect to the dimension. Furthermore, those whose QoL was not affected by their loss of vision within the same three dimensions had no significant change from baseline at follow-up.
In the other two dimensions (assistance and activity), data trended toward an improvement in QoL, although there was insufficient power to demonstrate significance (less than one-third of the study cohort reported difficulty at baseline in either dimension).
The improvements in VisQoL scores within the sub-group of subjects who reported an impact of blindness on their QoL for injury, life and roles dimensions were consistent throughout the follow-up period. For example, for the injury domain, outcomes at each follow-up visit (12, 18, 24 and 36 months), as well as the overall followup analysis (combining all follow-up visits) were significantly improved from baseline. This in turn suggests that the measured improvement was stable and most likely not the result of placebo, which is known to deteriorate over time.
Although demographic data collected on the overall study cohort were limited, both univariate and multivariate regression were attempted on baseline utility scores using three potential predictors: age, gender and years since the diagnosis of RP, as measured at time of implant ('years with RP'). Because patients were screened for untreated depression at enrolment, due to the concern that depressed patients may show less motivation to learn how to use the device, this important covariate was not applicable in this population.
14 Furthermore, the population had Figure 1 . Normal distribution of Vision and Quality of Life Index (VisQoL) utility scores at baseline. The box-whisker plot at the bottom summarises the VisQoL distribution, where the 'whisker' endpoints are the minimum and maximum, the lower and upper ends of the 'box' are the first and third quartiles, the mean is located in the middle of the diamond with the ends of the diamond indicating the mean ± 1 standard deviation and the vertical line inside the box indicates the median. Table 3 . Survey scores for patients whose blindness was affecting their quality of life at baseline for relevant dimensions. Scores reflect the average survey score at baseline and the combined average score from 12 to 36 months follow-up visits. Therefore, a decrease in survey score reflects an increase in quality of life. Statistical significance is defined as p < 0.05 and is designated with an asterisk.
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virtually no identifiable co-morbidities, which are typical in other vision-impaired populations and which can affect QoL (for example, patients with diabetic retinopathy have a high frequency of coronary heart disease, nephropathy or cerebrovascular disease 15 ). As already noted, visual acuity (for example, weighted logMAR) was also not a covariate since all patients had uniformly poor baseline vision in both eyes.
Results from the univariate associations with baseline utility scores showed that none of the three potential predictors were statistically significant (Table 4) .
Multivariate regression tree analysis was completed, forming four groups using gender, age and years with RP ( Table 5 ). The overall R 2 (coefficient of determination) was 0.167. Only males under the age of 66 with less than 40 years with RP showed a propensity toward lower baseline utility scores, although the model was inconclusive.
DISCUSSION
Eighty per cent of patients with RP reported moderate to severe difficulty in one or more VisQoL dimensions pre-implant. In three of the six VisQoL dimensions (injury, life and roles), patients whose blindness was affecting their QoL at baseline showed significant and lasting improvement after implantation with Argus II. In two of the three remaining dimensions (assistance and activity), data appeared to show an improvement, although there was insufficient power to demonstrate significance. In the final VisQoL dimension (friendship), none of the patients reported significant baseline deficits. Overall, the composite utility score showed no significant change. VisQoL was selected as an instrument for use in the Argus II clinical study because it is vision-specific, easy to administer and generates utility values. As with other vision-specific instruments, it was both constructed and confirmed in study samples with relatively few patients with significant visual impairment (for example, only nine per cent of 'vision-impaired' patients in the construction study had visual acuity worse than 6/60). 16 Furthermore, there was no indication that the instrument was sensitive to patients with profound low vision or worse. Very recently, a new vision-related QoL questionnaire was developed that is intended for patients with severe loss of vision, which was not available when the study was initiated but which may be a more appropriate instrument for this population. 17 Relatively little data have been published on the use of VisQoL in a clinical setting. The one notable exception is Fenwick and colleagues, 18 who assessed the impact of diabetic retinopathy and/or macular oedema on VisQoL utility values. In a study cohort of 203 diabetic patients, visual impairment ranged from none (less than 0.18 logMAR) to 'profound' (which in their definition was worse than 0.78 logMAR). The authors concluded that the reduction in VisQoL utility scores correlated with profound visual impairment (worse than 0.78 logMAR) but not with mild, moderate or severe visual impairment or disease severity.
In light of the limited sensitivity of VisQoL, it is not surprising that the composite utility score in the Argus II cohort showed no significant improvement over time, even though 33 per cent of patients had significant improvements in visual acuity after three years; 6 however, it was surprising that the baseline utility scores ranged from 0.22 to 0.99, even though all patients had profound low vision (worse than 2.9 logMAR) and were otherwise largely homogeneous (for example, no untreated clinical depression, minimal co-morbidities). Unfortunately, both univariate and multivariate regression were unable to explain the differences, reflecting limited covariates. The high variability among baseline utility scores suggests that patients with RP have varying success in adjusting to profound blindness in different QoL dimensions.
The disparity in baseline utility scores prompted analysis of each VisQoL dimension, considering those patients who selfreported difficulty presented by their loss of vision separately from those who reported no impact of their blindness on QoL. Analysing each individual dimension of a multi-attribute utility score has been recognised as a potentially useful method to identify important changes in patient experiences, particularly as patients value each dimension differently. 19 Furthermore, subdividing each cohort based on pre-treatment QoL values has been adopted in other medical disciplines to establish treatment efficacy. 20 The level of adjustment or adaptation among patients before treatment is frequently taken into account in studies of populations suffering from chronic, disabling diseases, such as cancer, irreversible visual loss and rheumatoid arthritis. [21] [22] [23] The concept is that patients who adapt and therefore accept their disease, will recover some level of normality even before treatment, which equates to higher baseline QoL scores. 24 In contrast, patients who do not adjust to their disease typically have low QoL and frequently a higher incidence of depression.
As adaptation improves over time, particularly with active rehabilitation, QoL may actually be better in end-stage patients, as opposed to patients with a new diagnosis. This in turn may explain why a certain Results from analysis of the Argus II cohort identified a significant and lasting improvement for patients whose blindness affected their QoL in three domains: injury, life and roles. In the other two domains for which patients reported difficulty at baseline (assistance and activity), the possible trend was in favour of improvement after implant, although limited power prevented the change from being statistically significant. Patients who reported little or no difficulty at baseline did not show any change or degradation of QoL in any domain.
The stability of QoL improvements within specific domains in Argus II patients is clinically relevant. This point was highlighted in a recent publication by Siqueira and colleagues, 23 wherein NEI-VFQ-25 was used to measure QoL changes in a RP population treated with intravitreal bone-marrow stem cells. Measurements were made at baseline and at three and 12 months after treatment. In a cohort of 20 patients, there was a statistically significant improvement in QoL at three months; however, there was no change relative to baseline at 12 months, suggesting that the benefit was lost over time. It was concluded that the transitory clinical benefit of stem-cell therapy (for example, as observed in electroretinograms) degrades after three months, which corresponds to the loss in QoL. Therefore, it is reasonable to expect that if clinical benefit were lost over time in those Argus II patients reporting difficulty at baseline, dimension-specific QoL would also deteriorate; however, patients that benefited from use of the Argus II device on this measure maintained that benefit throughout the full follow-up period of 36 months.
The specific relevance of each of the six dimensions measured by VisQoL is difficult to estimate; however, improvement in the injury dimension may have direct impact on the overall health and safety of blind patients. As noted by the developers of the VisQoL instrument, visual impairment is associated with increased risk of falls and hip fractures, among other events. To the degree that Argus II patients feel at less risk of injury as a result of visual impairment, patients will be more self-reliant. This in turn may have considerable utility for both patients and providers.
Data from the injury dimension are also consistent with data on functional vision. 7 Specifically, it was found previously that patients could complete mobility tasks in uncontrolled environments significantly better with the device on versus off. Although baseline functional vision was not measured pre-implant, data confirmed that use of the implant allowed patients to manoeuvre across streets and on sidewalks while avoiding obstacles, which is relevant to avoiding injury.
The corresponding improvement in the life and roles VisQoL dimensions also suggests that in patients having difficulty coping with, for example, family and other life demands, treatment with Argus II improves emotional well-being. As with improvements within the injury dimension, it is very significant that the improvement is measured throughout the 36-month follow up.
The lack of patients who report significant impact of their loss of vision within the friendship dimension suggests that patients with advanced RP may have minimal difficulty in developing and/or maintaining interpersonal relationships. This in turn suggests that at least within this population, the friendship dimension is not relevant to establishing utility for any therapy, including the Argus II, as patients have found other means to compensate for vision loss.
Strengths of this study include reporting QoL in patients with profound low vision or worse and measuring QoL after implantation of a novel retinal prosthesis for a full 36 months. Limitations include the small patient population, reflecting the rarity of RP and limited patient information available at baseline for use as possible covariates (including the level of previous rehabilitation, training and support). In particular, understanding the extent of prior rehabilitation would have been helpful in explaining the disparity in baseline utility and domain scores, although this would not have affected the change in QoL scores after treatment.
It is unlikely that any single outcome measure represents a full picture of the benefit of the Argus II system for any particular patient. It is important to note that the VisQoL was one of a battery of visual function and functional vision outcome measures used in this clinical trial, all of which together showed an overall trend of benefit from the Argus II system.
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CONCLUSION
The VisQoL was used to measure changes in utility scores in a rare population implanted with the Argus II retinal prosthesis system. Utility scores for the overall patient cohort were not significantly different between baseline and follow-up periods; however, patients whose vision negatively affected them with respect to three VisQoL dimensions (injury, life and roles), reported significant and lasting improvement in QoL after implantation of the Argus II retinal prosthesis. No dimensions showed a significant decline in QoL in any sub-cohort. This outcome suggests that individual QoL dimensions may be useful in assessing QoL effects of treatment. These data are consistent with other published outcomes demonstrating that Argus II contributes to improvements in visual acuity and functional vision and further demonstrates that the Argus II treatment can produce significant and lasting improvement in QoL related to the user's perception of reduced risk of injury, reduced difficulty of meeting the demands of life and reduced difficulty of fulfilling their roles in life.
